ABSTRACT: Soybean nitrogen (N) demands can be supplied to a large extent via biological nitrogen fixation, but the mechanisms of source/sink regulating photosynthesis/nitrogen fixation in high yielding cultivars and current crop management arrangements need to be investigated.
Introduction
Soybean [Glycine max (L.) Merrill] is an important global agribusiness commodity. In Brazil, this legume is produced in an area covering 25 million hectares, including remote areas.It persists as one of the most profitable crops, mainly because its nitrogen (N) requirements are met by symbiotic nitrogen fixation (Hungria et al., 2005 (Hungria et al., , 2006a (Hungria et al., , 2006b ). In the soybean-Bradyrhizobium symbiosis, the plant supplies the bacteria with photosynthates (C) via phloem and receives N from fixation via xylem (e.g. Neves and Hungria, 1987; Williams et al., 1982) . Symbiotic nitrogen fixation consumes 6-12 g C g −1 of fixed N, representing about 20-30 % of the total plant photosynthesis; however, this strong sink for C does not necessarily reduce yield, because it may modulate source activity (photosynthesis) (Kaschuk et al., 2009 (Kaschuk et al., , 2010 (Kaschuk et al., , 2012 .
Soybean plant densities of 400,000 plants ha −1 (Embrapa Soja, 2011) or even higher (National Soybean Research Laboratory, 2012) are recommended. However, at lower densities, interplant competition for water, nutrients and light could be mitigated (Andrade et al., 2002; Blumenthal et al., 1988) . Conversely, at high densities shaded leaves may not contribute to canopy photosynthesis (Board et al., 1990 (Board et al., , 1992 , and will likely senesce and/or be susceptible to disease (Pons and Pearcy, 1994) . Furthermore, the lack of light penetration to deeper layers of the canopy may decrease yields (Stockman and Shibles, 1986) . Finally, changes in the red/infrared ratios through the canopy may deeply affect both photosynthesis (Kasperbauer, 1987) , and the onset of nodule formation (Lie, 1969) .
Symbiotic nitrogen fixation is an overwhelming sink for photosynthate and may limit yield (Kaschuk et al., 2009 (Kaschuk et al., , 2010 Neves and Hungria, 1987) . However, plants can increase photosynthesis rates to support increasing sinks (Kaschuk et al., 2009 (Kaschuk et al., , 2012 Paul and Foyer, 2001) . It remains to be determined to what extent source/sink relationships can be up-regulated. In addition to the C requirements for nitrogen fixation and yield, soybean photosynthesis has to supply high C sinks from the seeds to lipid and protein accumulation (Kaschuk et al., 2010; Penning de Vries et al., 1974) .
In this study we report results from a field experiment aimed at determining the effects of plant density on nitrogen fixation, yield, plus lipid and protein contents of soybean in connection with the relationship between source activity and sink strength. The hypothesis was that different plant densities might not affect grain yield and quality, and as a "compensatory mechanism" lead to increases in both photosynthesis and nitrogen fixation rates.
Materials and Methods

Field site description
The experiment was performed in the summer season of 2009/2010 in Londrina, in the state of Paraná (PR), Brazil (23º11' S; 51º11' W, 620 m a.s.l.). The soil is classified as Latossolo Vermelho Distroférrico (Brazilian classification system; Typic Haplustox, USA taxonomy). The average annual temperature in Londrina is 21 ºC, with an average maximum of 28.5 ºC in Feb and a minimum of 13.3 ºC in July. Average annual rainfall is 1,651 mm, with 123 days of rainfall per year; maximum rain- ); base saturation, 69 %. The soybean bradyrhizobia population in the soil was estimated by the most probable number (MPN) method using soybean plants (Vincent, 1970) .
Treatments, experimental design and crop management
Before sowing, the soil was prepared using the traditional practices of ploughing and disking. At sowing, the area received 300 kg ha ). Each plot measured 4 m in width by 6 m in length. The experiment had a completely randomized block design, with six replicates.
Seeds were not treated with fungicides or insecticide. Inoculation in treatments 3 to 6 consisted of adding peat inoculant (10 9 CFU g −1 ) containing B. elkanii commercial strains SEMIA 587 and SEMIA 5019 (= 29W). A 10 % sugar solution was used as an adhesive and the inoculant was applied to supply a theoretical concentration of 1.2 million cells seed −1 , following the technical recommendation for the crop in Brazil (Embrapa, 2011; Hungria et al., 2007) . At the V4 stage all treatments were sprayed with 20 g ha −1 of Mo, as per recommendation (Embrapa, 2011; Hungria et al., 2007) . The following products were used: herbicides: Clorimuron (50 g ha 
Soil sampling, harvest, plant analyses and statistics
Samplings were performed at three growth stages (Fehr et al., 1971) : V4 (four unfolded trifoliolate leaves), R5 (seeds are 3 mm long in the pod at one of the four uppermost nodes on the main stem) and R8 (full maturity). At stages V4 and R5, eight plants per replicate were randomly harvested, excluding the central area (8 m 2 ) of the plot determined to be used for yield evaluation. Harvesting of plants was carefully carried out with a shovel to include most of the root system so as to verify falling nodules; the whole plant was taken to the laboratory. Procedures at the laboratory to evaluate nodulation, shoot dry weight and total N in tissues were implemented as previously described (Hungria et al., 2006b) . At V4 and R5, the parameters evaluated were nodulation (nodule number and dry weight), and shoot dry weight, while the dry weight of leaflets (presented apart from the whole shoot dry weight) was evaluated only at R5. Nitrogen content was evaluated by Kjeldahl's digestion at V4 in shoots (leaves + stems) and at R5 in shoots and pods.
At the final harvest (8 m 2 harvested in the central part of each replicate), the parameters estimated were number of plants m -2 , yield (corrected to 13 % of moisture), dry weight of 100 grains (also corrected to 13 % of moisture), number of grains per plant −1 , and N and oil contents of the grains. Lipid content (oil) in grains was determined in milled seeds in a Soxhlet extractor, using n-hexane as the solvent and following the methodology of Zenebon (2008) .
The data were analyzed using the Infostat SAS statistical package (Di Rienzo et al., 2009 ). All assumptions required by the analysis of variance were verified. Means were analyzed using Fisher's test. 
Results
The soil presented a high population of soybean bradyrhizobia, estimated at 2.871 × 10 4 CFU g −1 soil (MPN method). The naturalized bradyrhizobial population produced good nodulation [nodule number per plant (NN), dry weight per nodule (DWN) and nodule dry weight per plant (NDW)] even in the non-inoculated control (T1) ( Table 1) . Inhibitory effects of chemical Nfertilizer (T2) on nodulation parameters were clearly observed at V4 and R2 stages (Table 1) .
In the comparison of the non-inoculated treatment (T1) with the inoculated treatment of the same plant density of 320,000 plants ha −1 (T4), there was an increase in dry weight per nodule (p < 0.0001) at V4 (Table 1) , associated with large nodules at the root crown. At R5, no differences were detected in the comparison of the inoculated treatments with densities of 0.5 × 4 plants (T3) and 1.0 × 4 plants (T5), but these two treatments were superior (p < 0.0001) to the treatments with 0.5 × 16 plants (T4) and 1.0 × 16 plants (T6), both in nodule number and in dry weight parameters (Table 1) . Additionally, higher leaf production was observed in both treatments with 4 plants per linear meter (T3 and T5) (Figure 2 ).
Shoot dry weight (SDW) values are also shown in Table 1 . Similarly, nodulation data, at V4 differences between inoculated treatments under different plant densities were not significant, whereas, at R5 the same treatments, 0.5 × 4 plants (T3) and 1.0 × 4 plants (T5), were similar and higher than for treatments 0.5 × 16 plants (T4) and 1.0 × 16 plants (T6) ( Table 1) .
Patterns of N accumulation in shoots and pods at R5 (Figure 3 ) were similar to the results for nodulation and plant biomass production (Table 1 ). In Figure  3 , emphasis should be given to the values of N in pods at R5, which confirm the superiority of the inoculated treatments with lower numbers of plants per meter, 0.5 × 4 plants and 1.0 × 4 plants It was also possible to establish a linear relationship between the parameters of plant biomass and N accumulation in plants both at V4 (R 2 = 0.95) and at R5 (R 2 = 0.99) (Figure 4) . However, the distribution of N in different organs was variable at R5 because, as already mentioned, the N content of the pods was higher in treatments with fewer plants per meter (Figure 3) .
The highest yield was observed in the inoculated treatment with 0.5 × 16 plants (T4), followed by the non-inoculated control receiving N fertilizer at the same density (T2) and T3 and T6 (Table 2 ). Only at the lower density (T5) was a significant decrease in total grain production observed.
Finally, the number of grains per plant and the 100-grain weight in the inoculated treatments with lower number of plants per meter [0.5 × 4 plants (T3) and 1.0 × 4 plants (T5)] were higher than at the other densi- Table 2 ). Significant correlations were found between the 100-grain weight parameter with nodule weight (p ≤ 0.0001), leaflets (p ≤ 0.0001), and pods (p ≤ 0.0004) (data not shown). However, no differences were observed in oil and protein contents between treatments, except in the extreme case of 40,000 plants ha −1 (Table 2) .
Discussion
Soybean is exotic to Brazil, where the soils were originally devoid of compatible rhizobial strains capable of nodulating the legume (Ferreira and Hungria, 2002; Hungria et al., 2006a; Santos et al., 1999) . However, the site where the experiment was conducted had been cropped for more than 20 years with soybean in the summer, always receiving inoculants containing soybean bradyrhizobia. Consequently, the highly naturalized bradyrhizobia population resulted in good nodulation even in the non-inoculated control, but N-fertilizer clearly inhibited nodulation. The results from our study confirm previous reports on Brazilian soils (Hungria et ., 2006a , 2006b , 2007 Mendes et al., 2004; Mercante et al., 2011 ) that reinoculation (inoculation every year) with elite strains can improve nodulation, nitrogen fixation rates and grain yield in soybean.
When the naturalized population was compared to the inoculation in plants with the same density of 320,000 plants ha −1 , there was an increase in dry weight per nodule at V4 (Table 1) , associated with large nodules at the root crown. At R5, no differences in nodulation were detected in the comparison of treatments differing in distance between rows ( 0.5 × 4 plants and 1.0 × 4 plants), but on average, passing from 16 to 4 plants per linear meter in the inoculated treatments increased nodule dry weight at R5 by 108 %. The higher nodulation at R5 in the treatments with lower numbers of plants per linear meter, with no effect of the distance between planting rows could be explained by the higher dried leaflets weight (leaf blade without petiole) per plant, as well as by the partitioning of this plant biomass, consisting of higher leaf production in both treatments with 4 plants per linear meter, implying greater availability of photosynthates. In consequence, there might be greater availability of root exudates capable of promoting rhizobial growth in the rhizosphere, as well as C sources for the formation and functioning of the nodules, maintaining higher nitrogen fixation rates. Furthermore, the increased availability of C skeletons per plant would also facilitate the transport of ureides, the major nitrogenous compounds with low C:N ratio synthesized in soybean nodules (Hungria et al., 2006b; Neves and Hungria, 1987) . Altogether, these results provide strong evidence for the source/sink links between photosynthesis and nitrogen fixation (Kaschuk et al., 2009 (Kaschuk et al., , 2012 Neves and Hungria, 1987) .
The results obtained for biomass accumulation (SDW) and the patterns of N accumulation in tissues were similar to those reported for nodulation. These results indicate that plant biomass production at R5 was more affected by the number of plants per meter than by the distance between rows. Indeed, at R5, in the inoculated treatments, there was an average increase in SDW of 93 % in treatments with 4 plants per linear meter, when compared with 16 plants per meter.
Besides the mechanisms of source/sink, another explanation for the higher nodulation and plant biomass in treatments with 0.5 × 4 plants and 1.0 × 4 plants might be related to qualitative differences in light, particularly in terms of the infrared/red relationship. In a study about the absorption, reflection and transmission of light from individual leaves of soybean, it has been reported that the majority of the blue and the red are absorbed, whereas much of the infrared is reflected or transmitted (Kasperbauer, 1987) . Consequently, plants that grow in fields with little space between lines, or otherwise with high plant densities, receive higher ratios of infrared/red than those growing with greater distances between rows, or otherwise at lower densities (Kasperbauer, 1987) . In turn, the infrared/red ratio influences various parameters of plant development, such as ultrastructure of the chloroplasts, the partitioning of carbohydrates to cells, photosynthetic efficiency, concentration of several metabolites, and partitioning between shoots and roots (Kasperbauer and Hamilton, 1984; Kasperbauer, 1987) . Furthermore, there is also evidence of the control of nodulation by the phytochrome system, similarly favored by red light and inhibited by infrared radiation (Lie, 1969) .
Regarding the efficiency of the nodules, treatments with 40,000 and 160,000 plant -1 presented greater values of N per unit of nodule dry weight than plants with 320,000 plants ha −1 , probably due to increased supplies of photosynthates. Nodule dry weight was not correlated with plant biomass, or with the N accumulated at V4, but was significantly correlated at R5 (both with p < 0.0001) (data not shown), indicating that increased nodule mass in low-density treatments was related to higher rates of nitrogen fixation. In contrast, Kapustka and Wilson (1990) found that an increase in soybean plant density reduced nodule number and dry weight per plant, but maintained high specific activity per nodule, which resulted in the same values of nitrogen fixation per plant.
In R5, N content of the pods was higher in treatments with fewer plants per meter, which could be explained by the higher content of RuBisCO enzyme (ribulose-1,5-bisphosphate carboxylase oxygenase, E.C. number 4.1.1.39), which comprises about 50 % of the total protein content in leaves and is also present in the pods, and thus represents an important source of N for mobilization (Schiltz et al., 2004) . The amount and activity of RuBisCO are directly related to light quality, being superior in red light compared to infrared light (Eskins et al., 1991) . Consequently, especially at advanced growth stages such as R5, one might assume that the content and activity of RuBisCO are higher in lower plant densities.
Crop yield data highlighted the fact that higher yields were observed in the inoculated or N-fertilized treatments with 0.5 × 16 plants (320,000 plants ha ); only at the lowest plant density, of 40.000 plants ha −1 was there a decrease (p < 0.0001) in total grain production. Consistent with these results, in an experiment conducted by Board (2000) in which three soybean densities (80,000, 145,000 and 390,000 plants ha −1) , were investigated yield was not affected by plant density, which was attributed to an equilibrium in the crop growth rate (CGR) at the beginning of the reproductive period, producing equivalent numbers of pods per square meter. Interestingly, the results from our experiment were obtained under adequate precipitation, and it is possible that an even better performance could have been obtained under water stress conditions; as pointed out before, at lower densities interplant competition for Sci. Agric. v.71, n.3, p.181-187 , May/June 2014 water might be mitigated (Andrade et al., 2002; Blumenthal et al., 1988) . Another important comment is that nowadays there is pressure to increase soybean plant densities with the aim of generating higher yields; however, our results indicate that this might not be the best approach.
Both the number of grains per plant and the 100-grain weight in the inoculated treatments were higher at a spacing of 0.5 m. BRS 133 is a high-yield cultivar (p < 0.0001). These results indicate that, under favorable C/N source/sink conditions, it is possible to improve expression of the genetic potential of the cultivar. The lower number of plants per meter allowed for the largest individual plant growth and higher photosynthetic rate per plant which, in turn, demanded a greater supply of N through biological fixation. On the other hand, at higher densities, photosynthetic rates per plant were lower, as were nitrogen fixation inputs per plant. These results are consistent with studies of photosynthetic rate reduction, in which manipulations of the source, such as shading and defoliation, resulted in reductions in the number and dry weight of grains per plant (Egli, 2010; Proulx and Naeve, 2009 ). Additionally, with decreases in the supply of photosynthates (source) caused by the same treatments there were decreases in the rates of nitrogen fixation (Neves and Hungria, 1987) .
In our experiment, shading did not change oil content between treatments (p = 0.4977), except in the extreme case of 40,000 plants ha −1 , which resulted in higher values. Proulx and Naeve (2009) observed that shading caused greater decreases than defoliation, whereas Butler et al. (2010) found no differences in linoleic acid content at densities ranging from 185,000 to 556,000 plants ha −1 . Altogether, these results indicate that in general, neither protein nor oil content are affected by density, except in very low plant populations, as shown in our study, and probably in very high populations too.
Conclusions
At lower plant densities the photosynthetic rate per plant increased and, consequently, higher C supply to the nodules resulted in increases in nodulation and in nitrogen fixation rates. The number of plants per linear meter was a stronger factor than the distance between rows, especially at R5, indicating greater importance of source/sink mechanisms at later stages of plant growth, when quantitative and qualitative factors (e.g. infrared/ red ratio) affecting light become decisive. Soybean had the potential to at least quadruple both photosynthesis and biological nitrogen fixation at lower plant densities. It is also worth mentioning the implications related to the cost of using four times more seeds and inputs, particularly pesticides, at sowing, as similar yields can be achieved with much lower plant densities than those recommended today, with important environmental and economic implications.
